Land plants evolved a long-distance transport system of water and nutrients composed of the xylem and phloem, both of which are generated from the procambium-and cambium-comprising vascular stem cells. However, little is known about the molecular mechanism of cell communication governing xylem-phloem patterning. Here, we show that a dodecapeptide (HEVHypSGHypN-PISN; Hyp, 4-hydroxyproline), TDIF (tracheary element differentiation inhibitory factor), is secreted from the phloem and suppresses the differentiation of vascular stem cells into xylem cells through a leucine-rich repeat receptor-like kinase (LRR-RLK). TDIF binds in vitro specifically to the LRR-RLK, designated TDR (putative TDIF receptor), whose expression is restricted to procambial cells. However, the combined analysis of TDIF with a specific antibody and the expression profiles of the promoters of two genes encoding TDIF revealed that TDIF is synthesized mainly in, and secreted from, the phloem and its neighboring cells. The observation that TDIF is capable of promoting proliferation of procambial cells while suppressing xylem differentiation suggests that this small peptide functions as a phloem-derived, non-cellautonomous signal that controls stem cell fate in the procambium. Our results indicate that we have discovered a cell communication system governing phloem-xylem cross-talk.
H
igher eukaryotes have evolved specialized stem cells that can either remain undifferentiated or differentiate into specialized cells. Plant stem cells are found in meristem tissue localized at the tips of roots and shoots (root and shoot apical meristem; RAM and SAM) and in the vascular system (procambium/cambium or vascular meristem) (1) . Stem cells in each meristem play a pivotal role in the continuous formation of various tissues during postembryonic development. The fate of stem cells in the SAM and the RAM is controlled by the transcription factors WUSCHEL (WUS) (2) and WUSCHELrelated homeobox 5 (WOX5) (3), respectively. In SAM, the expression of WUS is regulated by the CLAVATA (CLV) system involving CLV3, a member of the CLV3/ESR-related (CLE) family and the CLV1 (LRR-LRK)/CLV2 (a leucine-rich repeat receptor-like protein, LRR-RLP) complex (4) (5) (6) (7) (8) (9) . In the vascular meristem, a few layers of stem cells proliferate, and their progeny differentiate into apposing xylem and phloem cells (10, 11) . Some transcription factors are known to function as transcription switches for xylem cell differentiation (12) (13) (14) or to confer phloem cell identity (15) . However, little is known about the regulation of the fate of the vascular stem cells (16, 17) . We recently isolated the CLE peptide TDIF (tracheary element differentiation inhibitory factor) from a xylogenic Zinnia cell culture (18) and showed that this TDIF can suppress the differentiation of cultured cells into the tracheary element (TE), a component of the xylem in culture (19) . In Arabidopsis, two genes, CLE41 and CLE44, encode TDIF. These findings suggest that the fate of vascular stem cells may also be controlled by a CLE receptor system, reminiscent of that of CLAVATA, comprising CLV3, CLV1, and CLV2 (17) .
Results

TDIF Promotes Procambial Cell Proliferation While Suppressing Differentiation of These Cells into Xylem Vessel Cells in Planta .
First, to understand how TDIF inf luences plant development, Arabidopsis seeds were germinated and grown in a liquid medium containing TDIF. TDIF did not significantly affect the overall plant growth. However, TDIF inhibited xylem vessel formation, especially in high-order veins in leaves ( Fig. 1 A-D, G , and H), although the phloem differentiation process proceeded normally ( Fig. 1 C and D) . In contrast, the formation of procambial cells was enhanced in the veins (Fig. 1 E, G , and H). Quantification of discontinuous xylem vessels in the veins indicated that this effect is positively dose dependent on TDIF, whereas a nonfunctional dodecapeptide (P9A), in which proline at the ninth position is replaced by alanine (19) , has no effect (Fig. 1I) . TDIF application also led to increased stele size in the hypocotyls (Fig. 1 J, N, and P) , an effect caused by increased proliferation of the procambial cells between the xylem vessel and the phloem ( Fig. 1 K and R) . P9A did not promote proliferation of any cells ( Fig. 1 J, M , O, and Q). The plane of division in the proliferating procambial cells was formed at random in TDIF-treated hypocotyls (Fig. 1R , arrowheads), whereas procambial cells divided periclinally in P9A-treated hypocotyls (Fig. 1Q, arrowheads) . TDIF-induced procambium proliferation often caused secondarily ectopic xylem vessel formation ( Fig. 1 S and T) . Consistently, TDIF promoted the expression of two procambium-specific marker genes, AtHB8 (A. thaliana homeobox 8; ref. 20) and VH1 (VASCULAR HIGHWAY 1; ref. 21) , which correlated with the observed increase in the number of procambial cells (Fig. 1L) . These results collectively indicate that TDIF can promote procambial cell proliferation while suppressing the cells' differentiation into xylem vessel cells in planta. Similar phenotypes, including discontinuous formation of xylem vessels (Fig.  1F ) and stele enlargement (Fig. 1U) , were also observed in transgenic plants overexpressing CLE44. The CLE44-overexpressing plants showed bushy-like appearance (data not shown). the CLV3 receptor CLV1 is an LRR-RLK (1, (5) (6) (7) (8) (9) , by analogy we expected that a receptor for TDIF might also be an LRR-RLK or an LRR-RLP. In the Arabidopsis genome, more than 200 LRR-RLK and more than 50 LRR-RLP genes have been annotated (22) . From 250, we selected 56 genes [supporting information (SI) Table S1 ] that are predicted to be expressed in the procambium based on the public database AtGenExpress and a gene profiling study in differentiating Zinnia cells (23) , and that are homologous to the predicted procambium-associated genes, because the aforementioned results had suggested that procambial cells are the targets of TDIF. We analyzed Ϸ130 T-DNA insertion lines of the genes and tested their sensitivity to TDIF. Only three T-DNA insertion lines exhibited TDIFinsensitive phenotypes; that is, in the presence of TDIF they did not have veins with discontinuous xylem vessels in the leaves (Fig. 2A) . The three lines had a T-DNA insertion at three different positions of the same gene, At5g61480 (Fig. 2C ). Therefore, we designated this gene TDR (putative TDIF receptor gene) and the three alleles as tdr-1, tdr-2, and tdr-3. The TDR gene encodes an LRR-RLK belonging to the subclass XI, which includes CLV1 (22) (Fig. S1 ). Genotyping revealed that plants homozygous for any tdr allele exhibit insensitivity to TDIF (Fig.  2 A) . The T-DNA insertions in both the tdr-1 and tdr-2 alleles are in the same exon near the 5Ј end of the gene, and the TDR transcript is below the detectable level (Fig. 2D) , suggesting that these are null alleles. In contrast to the tdr mutants, clv1-4 and clv2-1 are unresponsive to CLV3 in the shoots (24) but remain sensitive to TDIF (Fig. 2B ). This result suggests that CLV1 and CLV2 are not involved in the TDIF signaling pathway. No T-DNA insertion line from the other 25 members of the LRR-RLK subclass XI, including two closely related homologues of TDR, was insensitive to TDIF. These results suggest that TDR is involved specifically in the TDIF signaling pathway. Recently, Fisher and Turner (25) reported that pxy-1 (phloem intercalated with xylem-1), which may act as an antimorphic allele, induces smaller procambium and phloem adjacent to the xylem in flower stalks. Because this mutation occurred at At5g61480, the TDR locus was the same as that already published as PXY. The overall morphology of the tdr mutant plants appeared normal (Fig. 2E) . However, the number of procambial cells in tdr-1 hypocotyls (31.3 Ϯ 2.8, n ϭ 7) was significantly lower than that in wild-type hypocotyls (55.1 Ϯ 3.0, n ϭ 7), although there were no significant differences in the numbers of xylem (10.9 Ϯ 0.4 vs. 11.1 Ϯ 1.1) and phloem (27.4 Ϯ 1.0 vs. 28.1 Ϯ 1.4) cells between tdr and wild-type hypocotyls. In such hypocotyls, xylem vessel cells were sometimes formed adjacent to the phloem (Fig.  2F, asterisk) . TDIF did not enhance procambial proliferation in tdr hypocotyls (Fig. 2F) .
TDIF Binds Specifically to TDR.
To test the idea that TDR is the receptor of the TDIF ligand, we first examined the subcellular localization of the TDR protein. The chimeric gene p35S::TDR-GFP was transiently expressed by transfection into Arabidopsis protoplasts. Fluorescence was detected primarily on the plasma membrane, but some signals were also observed in intracellular vesicles (Fig. 3A) . Next, we examined the direct interaction between TDIF and TDR according to Ogawa et al. (9) . For photoaffinity labeling, [(4-azidosalicyl)Lys2]TDIF (ASA-TDIF) was synthesized and purified. ASA-TDIF is as efficient as the unmodified TDIF in inhibiting TE differentiation in Zinnia culture (Fig. 3B) . We expressed in tobacco BY2 cells a TDR gene encoding a variant in which the cytoplasmic kinase domain was replaced by the HaloTag (TDR-⌬KD-HT; Promega). The variant can be detected as a 130-kDa protein from the plasma membrane fraction (Fig. 3C) . Incubation of the membrane fractions with a photoactivatable 125 I-labeled ASA-TDIF followed by cross-linking by UV irradiation resulted in labeling of the 130-kDa and 120-kDa bands and a broad 90-kDa band (Fig. 3D) . Immunoprecipitation with an anti-HaloTag antibody confirmed that the 130-kDa protein is the TDR-⌬KD-HT (Fig. 3E) . The 130-kDa band disappeared after the membrane fraction was preincubated with excess TDIF (Fig.  3D ), but not significantly after preincubation with CLE46, CLV3, CLE2, CLE9, CLE19, or P9A peptides, which are structurally related to TDIF (Fig. 3F and Fig. S2 ). These results indicate that TDIF binds TDR in a highly specific manner.
Spatial Relationship Between TDIF and TDR. To determine the tissue-specific expression of TDR and TDIF, we expressed them as promoter-␤-glucuronidase (GUS) reporter gene fusions (pTDR::GUS, pCLE41::GUS, and pCLE44::GUS) (Fig. 4 A-F and Fig. S3 ). pCLE41::GUS activity was observed along the vascular strands in all organs examined, such as cotyledons, leaves, and roots, but not in SAM (Fig. S3 A, D, G, and J) . Its expression was restricted to the phloem and the neighboring pericycle cells in the roots and hypocotyls (Fig. 4 A and B) . pCLE44::GUS was expressed more widely along the vascular strands than was pCLE41::GUS (Fig. S3 B, E, H, and K) . In the roots and hypocotyls, pCLE44::GUS expression occurred in endodermal cells as well as cells in the phloem and the adjacent pericycle (Fig. 4 C and D) . pTDR::GUS was also expressed along the vascular bundles in all organs of seedlings (Fig. S3 C, F, I , and L). Cross-sections showed procambial cell-specific expression of TDR in the roots and hypocotyls (Fig. 4 E and F and Fig. S3M ). To localize the TDIF peptide in situ, we raised an antibody against TDIF. The affinity-purified antibody specifically recognized TDIF (CLE41/CLE44 peptide) and weakly recognized the CLE42 peptide, which has an amino acid replacement and can suppress xylem formation (Fig. S4) . In the root tip, the antibody to TDIF stained the apoplast surrounding two phloem precursor cells in a specific manner (Fig. 4 G and H) . In the hypocotyl, the antibody stained the region between the phloem cells and developing xylem cells (Fig. 4 I-K) . These results support the idea that TDIF is secreted from the phloem cells and is distributed in the procambial region. (15, 26) . Therefore, the TDIF/ TDR system might affect APL and suppress xylem differentiation. However, the ability of TDIF to activate proliferation of the procambium is not explained simply by APL. We therefore sought to identify the key transcription factor controlling the switching between cell proliferation and differentiation of vascular stem cells.
In this study, we discovered the TDIF/TDR system, which involves a member of the CLE peptide ligand family and its receptor belonging to the subclass XI of LRR-RLKs. This system plays a determining role in the fate of vascular stem cells in a non-cell-autonomous manner. The CLV3/CLV1 system, which governs stem cell fates in the SAM, is also composed of a CLE and a member of the LRR-RLK subclass XI. Therefore, different sets of CLE and the subclass XI of LRR-RLKs may determine the fate of different types of stem cells through a non-cell-autonomous mechanism. A phylogenetic tree drawn based on sequences of the LRR domain, to which CLE ligands would bind, reveals a clade comprising TDR/PXY, CLV1, BAM1 (barely any meristem 1), BAM2, BAM3, PXL1 (PXY-like 1), and PXL2, among 26 members of the subclass XI (Fig. S1) . Mutation in BAM genes and PXL genes causes abnormality of the SAM or vascular tissues or both (25, 27) . Therefore, five genes other than TDR/PXY and CLV1 in the same clade might also encode specific receptors for distinctive CLE peptides, which play determining roles in the fate of some stem cells in the meristem.
Materials and Methods
Observation of Vasculature. Seeds of Arabidopsis thaliana mutants and the wild type were germinated in half-MS liquid medium and grown with or without chemically synthesized TDIF (HEVHypSGHypNPISN) or P9A (HEVHypSGHypNAISN) at 1 or 10 M at 22°C under continuous light with shaking. Leaves were fixed in a 1:3 mixture of acetic acid/ethanol and mounted in a mixture of chloral hydrate/glycerol/water (8:1:2). Visualization of the sieve elements was performed as described previously (28) . For sectioning, leaves, hypocotyls, and roots were fixed in 4% paraformaldehyde and embedded in Technovit 7100 (Heraeus Kulzer), and 3-m-or 6-m-thick sections were cut. The sections were stained with 0.02-0.05% toluidine blue O and observed under a light microscope (BX51; Olympus).
Subcellular Localization.
The TDR coding sequence was cloned into the pSHOI vector, a derivative of pHTS13 (29), to produce the construct of the translational fusion of TDR-GFP expressed under the cauliflower mosaic virus 35S promoter. Transient expression of the GFP fusion gene was performed as described previously (29) . GFP fluorescence was detected with a confocal laser microscope (BX60; Olympus) equipped with a confocal scanner (Model CSU10; Yokogawa Electric).
Immunohistochemistry.
A rabbit antibody against TDIF/CLE41/CLE44 was generated against a synthetic peptide of TDIF (HEVHypSGHypNPISN) and purified with affinity chromatography. For immunohistochemical analysis, tissue samples were prepared from 5-day-old Arabidopsis seedlings as described previously (30) .
Immunohistochemical staining was performed using a Vectastain elite ABC kit according to the manufacturer's instructions (Vector Laboratories).
RT-PCR.
Total RNA was extracted from 2-week-old seedlings of wild-type and tdr mutant alleles for the detection of TDR expression, and from the leaves of 10-day-old wild-type seedlings for semiquantitative RT-PCR.
Preparation of Photoactivatable 125 I-ASA-TDIF. ASA-TDIF was synthesized and purified by the method shown in Ogawa et al. (9) . ASA-TDIF was radioiodinated, and it was purified by reverse-phase HPLC to yield analytically pure 125 I-ASA-TDIF with specific radioactivity of 200 Ci/mmol.
Bioassay for ASA-TDIF. In vitro Zinnia cell culture was performed by using the method described by Motose et al. (31) . Mesophyll cells were cultured in D medium with 100 pM ASA-TDIF, 100 pM TDIF, or 100 pM P9A peptide (mock). The TE differentiation rates were counted 80 h after the start of cell culture.
Expression of TDR-⌬KD-HT.
To overexpress TDR-⌬KD-HT in tobacco BY-2 cells, we used PCR to amplify the 2.3-kb genomic fragment of TDR, which corresponds to the Met-1 to Gly-726 region, and the 0.8-kb cDNA fragment of HaloTag (Promega), which contains the entire ORF of HaloTag. These two fragments were cloned in translational fusion by three-component ligation in an XbaI/SacI-digested binary vector, pBI121. The recombinant plasmid was introduced into Agrobacterium tumefaciens strain C58C1 (pMP90) by electroporation. BY-2 tobacco cells were cocultivated with the transformed Agrobacterium for 2 days. The transformed BY-2 cells were selected on MS agar medium containing 200 mg/liter kanamycin and 500 mg/liter carbenicillin for several weeks until transformed colonies were formed. Selected cell lines were transferred into MS liquid medium containing 100 mg/liter kanamycin to initiate the suspension culture. Six-day-old BY-2 cells (150 g fresh weight) were homogenized in a Waring blender (20,000 rpm for 5 minutes) in 200 ml of extraction buffer containing 25 mM Tris⅐HCl (pH 7.0), 10 mM MgCl2, 2 mM DTT, 2 M leupeptin, 2 mM phenylmethanesulfonyl fluoride, and 250 mM sucrose at 4°C. The slurry was filtered and centrifuged at 10,000 ϫ g for 15 minutes at 4°C. The supernatant was then centrifuged at 100,000 ϫ g for 30 minutes at 4°C to give a pellet of the microsomal fractions. For the fluorescent visualization of the expressed TDR-⌬KD-HT, a 100-g aliquot of microsomal fraction was suspended in 20 l of suspension buffer (20 mM Hepes-KOH, pH 7.0) containing 5 M HaloTag TMR reagent (Promega), followed by incubation at 37°C for 30 min. The sample was then separated by SDS/PAGE on a 7.5% acrylamide gel and analyzed in a Typhoon 9400 imager (GE Healthcare) with a 523-nm excitation filter and a 580-nm emission filter.
Photoaffinity Labeling. Photoaffinity labeling was performed basically according to Ogawa et al. (9) . Aliquots of microsomal proteins (250 g) were suspended in 250 l of binding buffer (50 mM Mes-KOH, pH 5.5, with 100 mM sucrose) containing 10 nM 125 I-ASA-TDIF in the presence or absence of 3 M P9A or10 M other competitor peptides and then incubated for 15 min on ice. The bound and free 125 I-ASA-TDIF were separated by layering the reaction mixture onto 900 l of washing buffer (50 mM Mes-KOH, pH 5.5, with 500 mM sucrose) and centrifuging for 5 min at 100,000 ϫ g at 4°C. The supernatant was discarded, and the pellet was irradiated on ice for 10 min with a UV lamp (model ENF-260C/J, 365 nm; Spectronics) at a distance of 1 cm. The cross-linked membrane proteins (250 g) were solubilized with 100 l of solubilization buffer (20 mM Hepes-KOH, pH 7.5, 150 mM KCl, and 1.0% Triton X-100). The lysate was kept on ice for 30 min and centrifuged for 30 min at 100,000 ϫ g at 4°C to remove insoluble material. The supernatant was then incubated for 1 h with 5-l aliquots of anti-HaloTag antibody (Promega) at 4°C. The resulting immune complexes were immunoprecipitated with 50-l aliquots of protein A-Sepharose (GE Healthcare) for 1 h at 4°C, and the immunoprecipitated proteins were separated by SDS/PAGE on a 7.5% acrylamide gel. The dried gels were exposed to the bioimaging plate (MS 2025; Fujifilm) for 2 days at room temperature, and the plates were analyzed by using an imaging plate reader and bioimaging analyzer (BAS 5000; Fujifilm).
